Objective: Coarctation of the aorta (CoA) was previously considered cured after surgical repair. Evidence for excess mortality and late morbidity has later accumulated, although studies with long-term follow-up remain sparse. The aim was to identify patients operated for CoA at Aarhus University Hospital, Denmark between 1965 and 1985 and to assess surgical and late mortality and cardiovascular morbidity in this cohort and possible predictors for an adverse outcome. Methods: Two hundred and twenty nine patients were identified. Baseline characteristics and morbidity and mortality data were obtained from medical records, registries and databases and analysed by Kaplan-Meier graphs and multivariate Cox regression analyses. Results: There were 14 (6%) surgical deaths. The survival in patients who were alive 30 days postoperatively was 95% 10 years after surgery, and 91%, 83% and 69% after 20, 30 and 40 years, respectively. The mortality rate ratio for all long-term survivors compared with an age-and sex-matched reference group was 4.3 (2.9-6.4). In those with no cardiovascular comorbidity at the time of repair, it was 3.4 (1.8-6.4). The causes of late deaths were cardiovascular in 63%. CoA repair in the early decade, age below 1 year at repair and high level of comorbidity were predictors for late mortality. Twenty five percent of current survivors were on antihypertensive medication and further cardiovascular morbidity had occurred in 46 (26%), including cardiovascular surgery and catheter interventions in 35 (19%). Freedom from death, reintervention and cardiovascular complications other than hypertension was 60% 30 years after surgery in the entire study population. Conclusions: Repaired CoA is associated with excess cardiovascular mortality and morbidity and often in need of reintervention. These patients, therefore, need careful follow-up. #
Introduction
Untreated coarctation of the aorta (CoA) is associated with premature mortality and morbidity. Campbell [1] described a median age at death of 31 years in autopsy series of patients with CoA reported by Abbott [2] and Reifenstein et al. [3] . These postmortem studies did not include patients below the age of 2 years, underestimating the seriousness of this condition. The first surgical repair of CoA was performed by Crafoord and Nylin [4] in 1944. Initially, surgical mortality was high, and there was a natural selection of patients surviving until the diagnosis was made and repair could be performed [5, 6] . Today, neonates and even premature children are operated on with low shortterm mortality [7] . Endovascular balloon angioplasty for CoA was introduced in 1982 [8] , and supplemented by stent implantation 10 years later [9] . In the early years, repair for CoA was considered curative and no systematic follow-up was done [10] . Later, it became clear that CoA, even after successful repair, is associated with an increased risk of later development of recoarctation (reCoA), systemic hypertension, cerebrovascular disease, premature atherosclerosis and formation of aortic aneurisms [11] [12] [13] .
At Aarhus University Hospital, Denmark, regular clinical follow-up after surgical treatment of CoA was introduced in the late 80s. Before then, some were seen as outpatients within the first postoperative year, but none were enrolled in longitudinal follow-up unless residual cardiovascular problems had been identified. Some of the patients were later readmitted from local hospitals or by general practitioners for reassessment, but the outcome for the majority of patients who had undergone surgical treatment before 1986 was unknown.
The aim of this study was to identify patients who underwent surgery for CoA during 1965-1985 at Aarhus University Hospital, and to assess surgical and late mortality and morbidity in this cohort, thereby also identifying survivors who could be targeted for systematic clinical follow-up in order to prevent long-term complications. We further wanted to examine the role of possible risk factors for surgical and late mortality.
Materials and methods

Study population
We identified the cohort of patients by reviewing the protocols of all cardiothoracic operations performed between January 1, 1965 and December 31, 1985. Patients who underwent surgery after 1971 were registered in the protocols by a national unique 10-digit personal identification (PIN) number, making it possible to link data from different registries and to identify medical records and electronic files in the hospital database. Before 1971, patients were registered only by name and date of birth. Their PIN numbers were sought in the Civil Registration System by name, birth date and private address at time of discharge.
Two hundred and forty six patients underwent surgical repair of CoA (Fig. 1) . Seventeen (7%) had to be excluded from the study due to inability to identify their CPR numbers. Two patients were lost to complete follow-up because of emigration, but due to their long observation time of 24 and 15 years, they were included in the analyses as censored observations. The study population thus, consisted of 229 patients.
Reference group
Survival and use of antihypertensive medication in the study population were compared with a reference group sampled from the general population. By use of the Civil Registration System, 10 age-(same year of birth) and sexmatched controls for each subject in the study population were selected (n = 2290). The controls were sampled using the incidence density sampling technique [14] .
Possible predictors of morbidity and mortality
Baseline data were obtained from medical records and in some cases supplemented by the hospital's patient administrative system, which covers all patient contacts to Aarhus University Hospital since 1988. Sex, age at surgery, surgical technique and preoperatively known cardiovascular comorbidity were registered.
Outcome data
The Civil Registration System provided data on vital status by August 2005 and dates of death or emigration. Causes of death, until 2001 assessed by physicians accorded to the International Classification of diseases (ICD), were obtained from the Causes of Death Registry. Copies of death certificates for those who died later were provided by the National Board of Health. Hospitalisations after CoA repair were sought in the National Hospital Discharge Registry, which covers all non-psychiatric hospitalisations from 1977 and supplemented and cross-checked with information from our institution. The following complications and interventions were retrieved: surgery or balloon angioplasty for reCoA, coronary artery surgery and angioplasty, aortic and mitral valve and aortic surgery. The discharge diagnoses stroke, acute myocardial infarction and acute or subacute infective endocarditis were also recorded.
Hypertension was defined as use of antihypertensive drugs. Patients, who had filled at least one prescription for antihypertensive drugs including beta-blockers, diuretics, calcium antagonists, angiotensin II antagonists or ACEinhibitors during the year 2004, were classified as hypertensive. This information was only available for residents in four counties where prescriptions for refundable drugs are registered in population-based databases.
Statistical analyses
Descriptive tables of the main study variables were made for the entire study population. Follow-up began on the date of surgical repair for CoA or the index date for the reference group and ended on the date of death, the date of emigration, or end of follow-up on August 1, 2005, whichever came first. Kaplan-Meier survival curves were constructed to analyse mortality. Mortality was divided into surgical ( 30 days after CoA repair) and late mortality and analysed separately. Survival in the study population was compared with survival in the reference group. Kaplan-Meier curves using a combined end point of death, reintervention and cardiovascular complications were also constructed describing freedom from morbidity and mortality. Cox proportional hazards regression analyses were used to estimate mortality rate ratios (MRRs) in order to (1) compare survival in the study population with survival in the reference group and (2) identify possible predictors for mortality. We included age, gender, level of comorbidity at time of surgery, time of CoA repair and surgical technique as possible predictors of mortality in a multivariate analysis. Time of surgery was divided into the early (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) and late (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) period, subsequently referred to as early and late decade. Furthermore, sensitivity analyses were performed in order to examine the possible impact of patients with missing data on surgical technique on our findings. In these analyses, all the patients with missing data were assumed to have received an end-to-end anastomosis or a tube prosthesis. The proportional hazard assumptions were tested graphically and were found to be acceptable in all models for Cox regression analyses. Analyses were performed using STATA W software (version 9.0, STATA, College Station, TX, USA). Table 1 shows baseline data and the surgical technique used for CoA repair in the entire study population and divided into the early and late decade. Two out of three patients were males and this distribution remained unchanged between the two decades ( p = 0.48). The age at surgery decreased significantly with more infants ( 1 year) and relatively fewer adults (>15 years) undergoing repair in the last decade ( p = 0.001). The median age at surgery was 13.8 years in the first and 8.1 years in the latter decade ( p < 0.001).
Results
Baseline
Preoperative data
Cardiovascular comorbidity
Data on cardiovascular comorbidity at baseline were available for the 210 patients where medical records could be found. The aortic valve was tricuspid in 48, bicuspid in 36, and not described in 126 patients. We divided the patients into three classes depending on associated cardiac malformations (Tables 1 and 2 ). Table 1 provides data on the surgical techniques performed. The distribution of end-to-end anastomosis and prosthesis, either as an interposition graft or a by-pass, was unchanged comparing the early and late decade ( p = 0.12). 
Surgical techniques
Mortality
The survival after CoA repair for the study population and reference group are shown in Fig. 2 . Survival for those who lived beyond 30 days of CoA repair was 95% 10 years after surgery, and 91%, 83% and 69% after 20, 30 and 40 years, respectively. The MRR for long-term survivors compared with the reference group was 4.3 (2.9-6.4). Evaluating the survival of exclusively long-term survivors with CoA comorbidity Class I and their reference group, the MRR was 3.4 (1.8-6.4). In patients with CoA Class II, the MRR was 3.6 (0.95-13.5) and in Class III 5.1 (3.5-7.4).
Surgical mortality
Fourteen patients (6%) died during surgery or within the first 30 postoperative days. Twelve (86%) among these had complex CoA (Class III) and status of comorbidity was not described in the remaining two. Nine (64%) were infants, the remainder were children, giving a surgical mortality for CoA repair of nine among 19 infants (47%), five among 131 children (4%) and none among 79 adults. The overall surgical mortality was 4% in the early and 8% in the late decade ( p = 0.23).
Late mortality
The median follow-up time was 27 years (range: 0.1-40), with a total of 5738 patient-years of observation. There were 35 late deaths (Table 3 ) at a median age of 49 years (range: 0.3-87), occurring at a median of 19 years (range: 0.1-38) after CoA repair. Twenty-two patients (63%) died from cardiovascular diseases including three deaths in relation to subsequent cardiothoracic surgery. Three late deaths occurred in 10 patients who survived CoA repair in infancy, eight in 126 repaired in childhood and twenty four in 79 patients who were adults at CoA repaired in adulthood.
Using Cox regression analyses we identified early decade of surgery, age below 1 year and a high level of comorbidity (Class III) as predictors for late mortality (Table 4 ). In contrast, surgical technique and sex appeared not to influence the survival. Adjusting the crude MRRs mutually for age group, comorbidity and decade, surgical technique and gender had only a marginal effect on the risk estimates. Sensitivity analyses confirmed that surgical technique did not influence the prognosis even when taking patients with missing data into account. 
Morbidity
A number of cardiovascular interventions and complications occurred in the study population during follow-up (Table 5 ). One adult patient had paraplegia immediately after surgery. Subsequent cardiovascular surgery was performed in 42 of the late survivors (19%). Eleven (5%) patients were treated for reCoA by surgery in five and balloon angioplasty in six at a median of 18 years (range: 8-26) after primary repair. Looking exclusively at current survivors, cardiovascular morbidity had occurred in 46 (26%), including cardiovascular surgery and catheter based interventions in 35 (19%).
Information on possible systemic hypertension was available for 87 patients. Twenty two (25%) subjects filled a prescription of antihypertensive medication during 2004, compared with 12% in the reference group, and were classified as suffering from systemic hypertension. The hypertensive patients had a median age of 48 (range: 21-61) and a follow-up time of median 29 years (range: 20-40). Only two (9%) were infants at time of surgery, nine were children and eleven were adults.
Event-free survival
The probability of avoiding death, reintervention (reCoA, aortic surgery, coronary artery intervention, aortic or mitral valve surgery) and cardiovascular complications (acute myocardial infarction or stroke) in the entire study population was 84%, 74%, 60% and 39% 10, 20, 30 and 40 years after surgery, respectively. Eighty eight (38%) patients experienced one or more of the endpoints during follow-up. Mortality and morbidity risk ratio (MMRR) for event-free survival was 12.8 (6.9-23.7) for patients with complex CoA (Class III) compared with those with CoA Class I comorbidity when adjusting for sex, decade of surgery and age at operation. The adjusted MMRR for patients with CoA Class II was 2.2 (1.0-4.7, p = 0.043) (Fig. 3) . Excluding patients who died within 30 days after surgery, the adjusted MMRR was still statistically significant comparing patients with CoA Class II (RR: 2.4, 95% CI: 1.1-5.2) and patients with complex CoA Class III (RR: 11.7, 95% CI: 6.1-22.4) with patients with CoA Class I.
Twenty years after surgery, the probability for event-free survival was 93%, 87% and 26% for patients with CoA Class I, II, and III, respectively. Nineteen patients had the first complication within the first postoperative year; including 18 deaths in patients with CoA Class III (n = 15) or not described comorbidity status (n = 3). Including systemic hypertension in the combined endpoint of failure, there would be another 13 patients experiencing complications during follow-up.
Discussion
The present cohort of patients who underwent surgery for CoA 20-40 years ago is very different from recent series where neonates and infants predominate and severe cardiovascular comorbidity is very frequent [15, 16] . Despite this, some lessons can be learned from the present study, most notably that surgery for CoA is not a curative treatment. Even patients without associated cardiovascular lesions who survived CoA repair experienced a 3.4 times increased longterm mortality and excess morbidity compared with a sexand age-matched reference group. With associated lesions, the short and long-term prognosis was further impaired.
Surgical mortality
The surgical mortality in this historical material was high compared with recent series [13, 17] , but equals what has Aortic surgery, 4 (2) Implantation of composite graft AE other reconstructive aortic arch surgery, 4
Mitral valve surgery, 4 (2)
Coronary artery intervention, 3 (1) By-pass surgery, 1 Percutaneous coronary intervention, 2
Heart transplantation, 1 (0. Table 2 ). Mortality and morbidity rate ratio Class III versus Class I: 11.7 (5% CI: 6.1-22.4). been reported in other older studies [18] . The surgical deaths occurred mainly in infants with complex associated lesions indicating that surgical treatment of CoA in children and adults in itself was performed with low risk during that period. The not significantly higher surgical mortality in the late decade compared with the early decade reflects more infants with complex associated lesions in the late decade, even though the degree of severity of the associated lesions was minor compared with recent series of CoA patients [17] . Sex and surgical technique had no significant influence on surgical or late mortality.
Late mortality
The majority of late deaths were due to cardiovascular disease, predominantly ischemic heart disease, aortic lesions, aortic and mitral valve disease and cerebrovascular accidents. This probably reflects the combined effects of associated congenital malformations of the valves and aorta, hypertension and premature atherosclerosis. Most late deaths in absolute numbers occurred in patients who were adults at the time of CoA repair. This probably reflects that after 20-40 years of observation, this patient group had reached a rather high age. However, in multivariate analyses, excess late mortality compared with matched controls was predicted by early decade of surgery, age below 1 year at operation and high level of comorbidity. The present results for long-term survival are similar to those reported in other older series reported by Toro-Salazar et al. [19] and Cohen et al. [12] , even though patients with significant cardiovascular malformations were excluded from both these series.
Morbidity
The pattern of cardiovascular morbidity was similar to the causes of late cardiovascular deaths with prevalent valve and ischemic heart disease, aortic disease and cerebrovascular accidents. ReCoA was detected and treated in 5% of the survivors, compared with 3-23% in other series [12, 20] . Even though there is no universally agreed definition of reCoA, the low frequency in the present series probably reflects the lack of systematic clinical follow-up. An additional explanation could be that reCoA is more frequently reported in those treated for CoA in infancy and early childhood than in older children and adults [18] , who constitute the great majority of survivors in the present study. The risk of reCoA with end-toend prosthesis in children is usually considered as high. However, in our series patients treated with this technique were older children and, therefore, it was possible to choose a larger tube preventing reoperation.
Hypertension defined as use of antihypertensive medication was twice as common in the patients compared with this reference group, but probably severely underestimated, undertreated and poorly controlled as shown in other studies [11] . This would contribute significantly to the high cardiovascular mortality and morbidity. Hypertension in some of the patients is supposedly related to undiagnosed reCoA.
A bicuspid aortic valve increases the risk of significant valve dysfunction and dilatation of the aortic root [21] . The prevalence of bicuspid valves in the present series is probably underestimated due to lack of sufficiently sensitive diagnostic methods before two-dimensional echocardiography became widely available in the late 80s.
Endocarditis was diagnosed in approximately one patient per 1000 patient-years of risk, comparable with other series [22, 23] .
Thus, repaired CoA is associated with a multitude of potential postoperative problems, as also reported by others [5, 6, 11, 12, 18, 19] .
Limitations
This is a historical study. PIN numbers were used to track patients and their medical history but had to be reconstructed for patients operated on before 1971, which was not possible for all, leading to a possible selection bias. Thus, inability to identify the PIN numbers could reflect no patient contact to the health care system since time of surgical repair, or on the other hand that the patient had died soon after surgery. Ability to identify the patients could reflect reestablished contact to the hospital system due to complications. Systemic hypertension increases the risk of cardiovascular death; assessing its prevalence in survivors, therefore, underestimates the true frequency of postoperative hypertension. On the other hand, antihypertensive drugs are also used in treatment of cardiac insufficiency, which is likely to be more frequent in survivors than in the reference group. Information on postoperative mortality and morbidity were retrieved from two different registries using different and changing codes for diagnoses and surgical procedures during the years. By cross-checking all missing values and different codes, we sought to minimize this source of error. Finally, even though data were missing on some of the patients, sensitivity analyses indicated that this had only minor influence on the results.
Conclusions
CoA after surgical repair is associated with excess longterm mortality compared with population controls, due to ischemic heart disease and morbidity, due to anomalies of the ascending aorta and aortic arch, hypertension, premature atherosclerosis, valve abnormalities and other associated cardiac malformations. Careful follow-up should be carried out and would probably identify many patients in whom medical, surgical or catheter intervention would improve the long-term outcome.
